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The genus Phytophthora encompasses more than 100 species, and identification of new species is currently expanding at rapid rates (4, 6, 8) . Phytophthora species are diploid, algae-like Oomycetes in the Kingdom Stramenopila (13) . Phytophthora are not true fungi, but are "fungus-like" organisms and are more closely related to brown algae than fungi. Many species descriptions have been based on morphological characters that require an expert to observe and discriminate. Regulatory officials who wish to safeguard against quarantine organisms at the ports of entry, to survey for newly established locations, or who wish to make rapid diagnoses in high threat situations need accurate morphological and molecular methods to identify species. Early detection, accurate identification, and the ability to trace pathogens back to their source and eliminate them are the ultimate goals to reduce invasive species such as Phytophthora.
Phytophthora species are responsible for devastating diseases on a wide range of host crops, natural vegetation, and forestry worldwide (9) . The genus Phytophthora contains many destructive plant pathogens with great impact on agriculture (e.g., P. infestans, potato late blight), floriculture (e.g., P. ramorum, sudden oak death), and whole ecosystems (e.g., P. cinnamomi in Australia). They represent a significant and emerging biosecurity threat, in large part due to increases in plant movement via international trade (5) . P. infestans exemplifies this threat; it was the first species in the genus described and left a path of devastation on potato in its wake in the United States, Ireland, and Europe in the nineteenth century (1) . The potential for the emergence of new pathogens through hybridization, global migration, and accidental release due to expanding agricultural activities and trade, as well as increased concerns about agroterrorism, underscore the importance of developing easily accessible diagnostic tools that allow identification of the major Phytophthora species using both morphology and molecular methods. In North Carolina, several endemic species of Phytophthora threaten agricultural crops yearly. The list includes P. infestans on potato and tomato, P. capsici on pepper, P. cinnamomi on Frasier fir and ornamental crops, P. nicotianae on tobacco, and P. fragariae on strawberry, among others. Ornamental hosts can be infected by multiple species, making diagnosis difficult. In California, at least 17 common species are routinely identified in diagnostic clinics (C. Blomquist, personal communication).
Traditionally, baiting has been used to detect Phytophthora spp. in soil and water (9, 19) . Bait materials most often used are Rhododendron leaves and lupine seeds. Isolates are then recovered from infected tissue on selective media. Once a culture is obtained, classical morphology and growth characteristics are used for correct identification of the species (27, 33) . Classical morphological identification relies on specific taxonomical expertise by a trained scientist. Regulatory guidelines for identification of more notorious species, such as P. ramorum, require isolation of a pure culture, morphological identification, and molecular diagnostic tests to confirm identification by a laboratory certified to run the polymerase chain reaction (PCR) assays (30) .
Grace Waterhouse, a British mycologist, was an expert in the identification of Phytophthora species and was an authority on the genus (26, (32) (33) (34) (35) (36) (37) . She trained with Elizabeth Blackwell in the 1920s at Royal Holloway College in the UK. Blackwell herself was also a pioneer in early Phytophthora taxonomy (2). Waterhouse gathered together a large collection of Phytophthora cultures and published a compilation of species descriptions from original papers. The well-authenticated and useable dichotomous keys to species in the genus Phytophthora that she developed are still in use today (33) . Her meticulous work was based on careful observation of the morphological characteristics of the pathogen including sporangia, sexual reproductive organs, chlamydospores, and hyphal and cultural characteristics. Prior to these keys, others, including Leonian (20) , and Tucker (28, 29) , had also developed dichotomous keys to the species.
Jean Stamps and colleagues transformed Waterhouse's dichotomous keys into a more easily used tabular format (22, 37) in the 1970s. Ho developed a regionally specialized dichotomous key to Phytophthora species in Taiwan in the 1980s (14, 15) . The book Phytophthora Diseases Worldwide by Erwin and Ribeiro (9), published in the late 1990s, remains a highly useful reference for techniques and morphological and bibliographic information on Phytophthora species descriptions through the 1990s. Gallegly (10) and Gallegly and Hong (11) recently developed a simplified dichotomous key for identifying Phytophthora species by morphology. They also include single-strand conformational polymorphism (SSCP) analysis as a means to differentiate species by DNA fingerprints (17) .
Sequence-based methods have been developed for identification and detection of Phytophthora spp. The most widely studied genes are the ribosomal genes and the introns associated with them (ITS: internal transcribed spacer regions) (38) . Based upon these sequences, 10 clades in the genus Phytophthora were described (7) . Others have studied the same or additional nuclear and mitochondrial genes, and sequence analysis of several genes showed a similar relatedness among the different Phytophthora species (3, 18, 21, 25) . Kang and colleagues developed the internet-based Phytophthora database and used both nuclear ITS sequences for identification of Phytophthora species and other genes for phylogenetic analysis (16, 23) . More recently, Robideau et al. (24) published on the usefulness of the DNA barcoding region of the cox 1 gene for identification of Phytophthora.
Sequence-based identification of Phytophthora species is now widely used, and identification using online tools such as GenBank, the Phytophthora database, or Phytophthora-ID have been developed (12, 23) . The pitfalls of sequence-based identifications have been recently reviewed (16) . Species identification cannot rely solely on sequence-based identification, since some of the sequence data present in GenBank and elsewhere may not have been submitted for morphologically well-characterized Phytophthora species.
An easy-to-use method of identification for the common Phytophthora species is needed that combines both traditional morphology and DNA sequences. Such an identification tool will be useful to the research, teaching, and regulatory community that works to mitigate Phytophthora diseases in the field. With this goal in mind, this key was developed. Also, diagnostic tools that are readily transportable to developing countries in areas that are remote and lack internet access and that do not rely solely on expensive DNA sequencing are needed in addition to large internetdriven databases (23) . The Lucid key described herein can be installed and run from a CD rom drive on a laptop PC.
Materials and Methods
Isolates used. Isolates of the Phytophthora species used to develop the key were collected from experts in the field who are noted for their research on a given Phytophthora species. Many of the isolates used in this key were the same as those used in the key developed by Gallegly and Hong (11) and generously shared by these and many researchers with the permission of the originator of the cultures. Isolates were deposited into collections at ATCC, CABI Biosciences (IMI), the World Oomycete Collection (WPC), or the Centraalbureau voor Schimmelcultures, the Netherlands (CBS). GenBank accession numbers are provided for the ITS and BOL regions sequenced from the isolates and for those sequenced by other Phytophthora researchers(Supplemental Table 1 ). The host and geographic origin of the isolates is also provided.
The Lucid Key. The Key to the Common Phytophthora species (Lucid v 3.4) is a matrix-based identification key and includes a compilation of important morphological characters that are useful for identification of 55 species of Phytophthora. A variety of source material was used to develop the key, including previously published identification keys (9, 11, 22, 27, 33) . Waterhouse grouped Fig. 1 . Matrix spreadsheet used to score character states for a given Phytophthora species in Lucid Builder. The spreadsheet scoring system in Lucid Builder allows 7 score types (vertical icons -right side) including: absent, present, rarely present, uncertain, present by misinterpretation, present by misinterpretation and rare or not scored options to be programmed.
Phytophthora species based on sporangial characteristics (nonpapillate, semipapillate, or papillate), reproductive behavior (inbreeding [homothallic] or outbreeding [heterothallic]), and the form of the antheridium (amphigynous or paragynous). Cooke et al. (7) found that although Waterhouse's groups do not represent phylogenetic assemblages based on ITS sequence, the criteria are useful for traditional morphospecies identification. We have included many morphological features from the Waterhouse and Stamps keys that are easy to score, particularly those used in the matrix-based key of Stamps et al. (27) in this key. We also used character state measurements from other published sources including Erwin and Ribiero's book (9) and Gallegly and Hong's dichotomous key (11) . In addition, we sequenced DNA from select genes and spacers (ITS and BOL regions) of well characterized isolates, and these were also included in a DNA search query in the key to confirm the morphological identification. Fact Sheet Fusion Builder was used to develop informational "Fact Sheets" that include pictures of important character states for each species and symptoms of disease.
Lucid Builder. Lucid Builder (LucidCentral.org, Queensland, Australia) was used to develop the backbone of the key. A set of features and character states were chosen and scored into Lucid Builder that allow the user to make a correct identification of an unknown Phytophthora species. The matrix or spreadsheet scoring method was used to enter data into the key (Fig. 1) . The main features included in the key are: asexual structures (sporangium type, number of apices, caducity, pedicel length, sporangium shape, sporangium base, sporangium length:breadth ratio, sporangium length, and sporangiophore features), sexual structures (reproductive behavior [homothallic or heterothallic], antheridia type, oogonia size and features, oospore size and features), chlamydospores, hyphae and cultural growth habit, growth rate, and temperature optimum.
Lucid Player. Lucid Player is used to make a species identification. First, a user must have a culture of the species of interest. A link to protocols that are useful to isolate and grow Phytophthora species and produce the morphological characters needed to identify a given species is provided on the home page (Fig. 2) . In addition, references and protocols for DNA isolation and molecular identification are given. Features of the specimen are observed microscopically, and measurements of sporangia, oogonia, and oospores should be completed before identification with the key is undertaken.
When the key is opened, four windows are displayed (Fig. 3) . The top left window contains 20 characters and their states. To see the states, the user clicks on the plus (+) symbol beside the feature text (asexual structures, sexual structures, chlamydospores, hyphae, and culture growth, etc.). The states can be selected by clicking the thumbnail image pictures or by checking the box when thumbnails are not showing on the left side of the feature text. Selections will appear in the lower left window as records of the user's choices are made. When the user has finished with a feature, the minus (-) symbol can be clicked to hide the choices. This will save time and compress the window view and enable the user to avoid scrolling down to the bottom of the window to find more features.
The user enters responses to known character states of features into Lucid Player, and the correct species is narrowed down and ultimately identified. Illustrations of character states of each feature are included where applicable, and a glossary of terms to guide the user is included and cross linked among fact sheets. Character states of a given isolate are checked as present or absent in the key (Fig. 3, upper left window) . The species with the states of interest are selected (upper right window), while others are eliminated (lower boxes) by this process. All character states need not be entered to make a correct identification.
In the top right-hand window is a list of 55 Phytophthora species that are contained within the key. As further selections are made, some species will be discarded from this list. The discarded species are displayed in the lower right-hand window. The aim is to reduce the number of possible Phytophthora species in the top right window to one or a few. Lucid Player also has a shortcut feature that narrows down the list of features and states needed to make a correct identification. The shortcut icon is found in the icon tool bar at the top of the Lucid Player page (Fig. 4) . For example, selecting "chlamydospores present" narrows the list of species for identification to only those with chlamydospores, including P. ramorum. The shortcut feature can be found by toggling on the tool bar at the top of the screen (Fig. 3) . A mouse-over function identifies the function of each icon on the tool bar.
Tips for Proper Identification
You don't have to select options for all feature states, and it doesn't matter what order you answer them in. If several new features are offered, skip to the feature that seems most relevant to your isolate. If you don't think any of the options fits your case, skip the question. If you run out of questions, you may want to come back to the ones you missed.
You can choose more than one state per feature. Multiple states of a feature may apply to your isolate. For example, sporangial shape may be variable or ovoid ellipsoid, etc. If so, select all the states that apply to your specimen. If there is uncertainty about a feature size, for example a sporangial size feature (<20 or 20 to 30 µm), then select both. Measurements of spore sizes (sporangial, oogonium, or oospores) are not key feature states that will separate any given species from the rest in the key.
Use the "Best", "Next Best", and "Prune Redundant Features" icons in the key tool bar to help you move through the key efficiently. The "Best" feature will suggest features that help you split the remaining Phytophthora species. The "Prune" feature will remove any redundant features that no longer remove any species from the remaining list. The two buttons "Best" and "Prune" can be used alternately, one after the other. Alternatively, you can automate these features via the Features...Automate menu option.
It is easy to undo a selection. Just click the ticked box again, in either of the left-hand windows.
Keep selecting options until you have only one taxon remaining, or until you run out of features you can answer. If only a few taxa remain, try viewing the fact sheet or images for a few suspected Phytophthora species. If there are more than a few, look back over the key to see if there are additional features you could have answered or a feature you accidentally checked off. Alternatively, the "Differences" tool near the right-hand end of the tool bar can be used to get a list of all the questions where scores for the remaining taxa differ. Click a feature shown in the Differences window, and the states scored for each remaining Phytophthora species will be displayed.
You can turn on and off thumbnail options by toggle buttons: "Feature Thumbnails" and "Entity (Phytophthora) Thumbnails". You may also change the feature state view from a vertical list to a gallery view where all images will be shown horizontally via the Features.Display menu option.
If you end up with no Phytophthora species remaining, look back over your selections and undo any you were not sure about, or that don't seem essential to describe the isolate. If you still have no species remaining, you may have a novel species or you may have a species that is not included in the key. In order to discern the difference, further work will be necessary using other published descriptions of new species or online databases that include additional species of Phytophthora. Sequencing the ITS and BOL regions will also be a critical step in discerning the genetic relatedness of the unknown species to other published species.
You can restart the key by using the restart icon at the far lefthand end of the tool bar.
You can change the size of the windows by dragging their inside edges. You may want to make the left window wider, to read the longer state descriptions without having to scroll across. You can drag it back again when you need to read the full names of remaining species.
Fact sheets. Fact Sheet Fusion builder was used to develop a species description page in html for each Phytophthora species that is linked to Lucid Player. The user can read an illustrated fact sheet on each species of interest by simply toggling on the fact sheet html icon. A cross-linked glossary of terminology is included in the fact sheets and can also be reviewed in an alphabetical glossary. Each fact sheet (Fig. 5) includes an introduction that describes the first reports and nomenclature of each Phytophthora species, cultural characteristics, reproductive structures (sporangia, hyphae, chlamydospore, oogonia, oospore characters), host range and distribution, symptoms, and references. An internet connection is not needed to access the fact sheets. They can also be viewed from the home page of the key.
Items such as the feature states and Phytophthora species in the key have pictures and/or html fact sheets attached to them. They are displayed as an icon or a thumbnail to the left of the item. Clicking the fact sheet icon will open the attached fact sheet page. Clicking on the image icon or image thumbnail will open a large version of the image for some of the images in the fact sheets (indicated by "click here for larger image").
DNA sequence search function. In addition, if a DNA sequence is available for an isolate, a sequence search of the ITS and BOL region sequences can be used directly in the key to identify species (Fig. 6) . A complete species table that lists isolate numbers, sources, and GenBank accession numbers is included. Protocols for ITS and BOL PCR are included in the key and on the home page in addition to a diagram of the region to be sequenced and primer sequences.
Multimedia tips. Web pages such as fact sheets attached to items in the key may be considered pop-ups by certain browsers (such as Internet Explorer) when clicked on by users. If your browser blocks these fact sheets as pop-ups, in your browser's internet settings you should allow pop-ups for this Lucid tool. Additionally, Internet Explorer may block "active content" on web pages or the fact sheets of interactive keys. To allow active content, in Internet Explorer, under Tools, Internet Options, Advanced tab, Security category, the box next to the setting: "Allow active content to run in files on My Computer" should be checked. Note that the key does not require internet access to operate and can be used directly from a laptop in the field.
Accessing the Lucid Player Help and Homepage Tutorial
The Lucid Player has help available that explains all the functionality of the key. To access the help, select the help icon (?) on the tool bar or access it via the help menu. It is recommended that you scan through the help menu before beginning. The keys homepage contains a voiceover power point that also explains the functionality of the key (Fig. 2) . The keys home icon links to the key tutorial. Protocols that are useful for isolating the pathogen, producing morphological structures and PCR can be found at the home page link.
Beta testing and validation of the key. Cheryl Blomquist, California Department of Food and Agriculture; Carrie Harmon, University of Florida and coordinator of the Southern Plant Diagnostic Network; and Tom Creswell, Purdue University provided comments and beta tested the key in their respective diagnostic clinics. Terrance Walters and Julie Sher, USDA-APHIS, also provided useful reviews of the key. The key was also beta tested in a Phytophthora diagnostic workshop funded by USAID Hort Crsp that was held in San Jose, Costa Rica in June 2010. The ambitious agenda for the workshop ranged from isolation of Phytophthora from plant samples and water to morphological and molecular diagnostics. At the beginning of the week, 24 students were paired and given unknown cultures of Phytophthora (culture identity known to the instructors). They were given a detailed protocols workbook and were asked to run a series of experiments during the week to make a correct species identification. The students made slides and used the microscope to document morphological characters of their unknown isolates. They were also given temperature optimum and growth information in order to make an identification with the key. The Phytophthora key was installed in a computer laboratory at the Universidad de Costa Rica, and students used the key to make a correct species identification. Sequence-based methods were also taught, including restriction fragment length polymorphism (RFLP) PCR of ITS DNA, and the use of ITS and BOL sequences, and students queried the Phytophthora database with sequence data. The later part of the workshop included real-time PCR with an all Phytophthora set of primers followed by Padlock probes (PLPs) to identify their unknown cultures (31) . Eleven of the 12 student teams identified their unknown cultures correctly using morphology and the Lucid Key.
Conclusions
Use of the Key to the Common Phytophthora species should enhance the ability of diagnosticians, regulatory personnel, researchers, and teachers to quickly identify species in the genus using a range of morphological characters and ITS or cox 1 DNA sequences. The key is available for purchase from APS PRESS and can be loaded onto a PC using a CD rom drive. The key contains the most commonly encountered species and is not meant to be inclu- Fig. 6 . A DNA sequence search query can be run using internal transcribed spacer (ITS) and the BOL (5′ end of the the cox 1 gene) sequences. The user can paste either the ITS or BOL region sequence into the search box, and the closest match is selected. Both ITS and BOL sequence matches are displayed for each species. sive of all recently described species. There are currently well over 90 species described in the genus. It is hoped that additional modules can be added over time to accommodate newly described species with the support of the Phytophthora research community and the appropriate level of funding.
